Cigarette smoke is associated with chronic and enhanced pulmonary inflammation characterized by increased cytokine production and leukocyte recruitment to the lung. Although the aryl hydrocarbon receptor (AhR) is well-known to mediate toxic effects of manmade environmental contaminants, the AhR has emerged as a suppressor of acute cigarette smoke-induced neutrophilia by a mechanism involving the NF-B protein RelB. Yet individuals who smoke often smoke for many years and vary in their cigarette consumption. As there is currently no information on the AhR prevention of lung inflammation, including neutrophilia, due to varied and prolonged exposure regimes, we exposed control and AhR −/− mice to cigarette smoke for 2 weeks (subchronic exposure) utilizing low and high exposure protocols and evaluated pulmonary inflammation. Subchronic cigarette smoke exposure significantly increased pulmonary neutrophilia dose-dependently in AhR −/− mice. Surprisingly, there was no difference between smoke-exposed AhR +/− and AhR −/− mice in the expression of cytokines associated with neutrophil recruitment. Expression of pulmonary intercellular adhesion molecule-1 (ICAM-1), an adhesion molecule involved in neutrophil migration and retention, was higher in pulmonary endothelial cells from AhR −/− mice. Although total lung RelB expression was increased by cigarette smoke, nuclear RelB was significantly lower in subchronically exposed AhR −/− mice. Inhibition of AhR activity by CH-223191 in endothelial cells potentiated ICAM-1 expression and prevented RelB nuclear translocation but had no effect on neutrophil adhesion. These data support that genetic absence of the AhR contributes to heightened pulmonary neutrophilia in response to ongoing cigarette smoke exposure. Interindividual variations in AhR expression may enhance the susceptibility to cigarette smoke-induced diseases.
Cigarette smoking is the foremost preventable cause of mortality worldwide, with an estimated 8-10 million deaths occurring per year by 2030 (Hays et al., 2012) . Moreover, over onehalf of all persistent smokers will die from a tobacco-related disorder (Hays et al., 2012) , 80% of which is attributable to one of three diseases: cardiovascular disease (CVD), lung cancer, and chronic obstructive pulmonary disease (COPD) (Athyros et al., 2013; Makomaski Illing and Kaiserman, 2004) . There is now considerable evidence that these diseases share overlapping mechanisms of pathogenesis defined by persistent systemic and pulmonary inflammation. Cigarette smoke is wellknown to incite inflammation, inducing the release of proinflammatory cytokines such as IL-8 and IL-1␤, inhibiting the production of anti-inflammatory cytokines such as IL-10 (Arnson et al., 2010) and recruiting T cells, macrophages, and activated neutrophils to the lung (Fischer et al., 2011) . As a component of the innate immune system, neutrophils are the first line of defense against microbial invasion. However, neutrophilia is now implicated in the pathogenesis of numerous chronic diseases. As strategies aimed at depleting neutrophils would render patients susceptible to infection, insight into new mechanisms that underlie neutrophil migration to target tissues would enable the development of safer approaches to treat chronic inflammatory conditions without the permanent threat of infection (Caielli et al., 2012) .
One pathway that links cigarette smoke and neutrophilic inflammation involves the aryl hydrocarbon receptor (AhR). The AhR is a ligand-activated receptor/transcription factor that belongs to a family of proteins that play important roles in adaptive responses to stress. The AhR is the only vertebrate bHLH/PAS member that can bind and be activated by xenobiotics belonging to the polyhalogenated aromatic hydrocarbons (PHAH) class, the prototypical member which is 2, 3, 7, dioxin) . In the absence of ligand, the AhR is found in the cytoplasm complexed with chaperone proteins, including a dimer of heat shock protein 90 (HSP90) and the immunophilin hepatitis B virus X-associated protein 2 (XAP2).
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After binding ligand, the AhR translocates to the nucleus, dissociates from these chaperones and forms a heterodimer with the AhR nuclear translocator (ARNT). This AhR:ARNT complex then binds to a dioxin responsive element (DRE) and initiates the transcription of genes that comprise the AhR gene battery, of which the phase I cytochrome P450 (CYP) enzymes CYP1A1, CYP1A2, and CYP1B1 are prototypical. It is generally accepted that the majority of deleterious effects of dioxins arise from dioxin binding to the AhR and subsequent alterations in gene expression patterns (Okey et al., 2005) . However, there is now ample evidence to support that the AhR plays a prominent and essential role in normal physiological processes including the regulation of cell proliferation, apoptosis, and suppression of inflammation (Baglole et al., 2008a; Rico de Souza et al., 2011; Thatcher et al., 2007) . These functions of the AhR require AhR activation but seem to occur by mechanisms independent of typical AhR:ligand binding and involve interaction with cellular proteins such as the RNA-binding protein HuR and transcription factors such as NF-B (Baglole et al., 2008a; Zago et al., 2013) .
The NF-␤ family of proteins consists of five members-NF-␤1 (p50), NF-␤2 (p52), c-REL, RELA (p65), and RELB-all of which share a common REL homology domain important for dimer formation and DNA-binding (Nabel and Verma, 1993; O'Dea and Hoffmann, 2010) . The classic NF-B pathway composed of heterodimers p65:p50 is typically associated with the transcriptional upregulation of inflammatory cytokines, chemokines, and adhesion molecules including CXCL8 (IL-8) (analogous to MIP-2 and KC in mice), cyclooxygenase-2 (COX-2), and intercellular adhesion molecule-1 (ICAM-1). Strong inflammatory signals that robustly increase gene expression, such as TNF-␣ or IL-1␤ initiate nuclear translocation of p65:p50, thereby allowing p65:p50 to regulate target genes via binding to ␤ sites. Activation of the canonical pathway also increases RelB expression, which has emerged as anti-inflammatory NF-B protein (McMillan et al., 2011; Weih et al., 1995) . RelB expression in the lung is maintained by the AhR and is a key event in the ability of the AhR to suppress cigarette smoke-induced inflammation. Here, exposure of AhR −/− mice to cigarette smoke for 3 days (acute exposure) increases pulmonary neutrophils concomitant with loss of RelB protein expression (Thatcher et al., 2007) .
Whether the AhR protects against prolonged exposure regimes is not known, but in the context of individuals being exposed to smoke over many years is highly relevant. AhR degradation following ligand binding occurs in vitro and in vivo (Prokipcak and Okey, 1991) , an effect long considered essential in terminating dioxin-mediated gene transcription. Cigarette smoke contains AhR ligands, rendering it plausible that prolonged exposure to smoke will cause AhR protein degradation and subsequent loss of its protective abilities. There is also considerable variation in the pattern, intensity, and amount of cigarettes consumed on an individual basis (Thielen et al., 2008) , with significant dose-dependent effects of cigarette smoke on inflammatory parameters, including neutrophilia and proinflammatory cytokines levels (Kuschner et al., 1996) . We postulated that despite the potential for AhR degradation in response to prolonged smoke exposure, the AhR retains its protective abilities against lung neutrophilia due to atypical mechanisms involving the NF-B protein RelB. The presented data support that the AhR is an essential suppressor of pulmonary neutrophilia in response to persistent, subchronic smoke exposure despite reduction of AhR protein. The suppression of neutrophilia by the AhR did not involve alterations in cytokine levels but rather was associated with diminished expression of pulmonary ICAM-1 protein. There was also a reduction in nuclear RelB in response to smoke only in AhR-deficient mice. Pharmacological inhibition of AhR activity in endothelial cells also prevented RelB nuclear localization and potentiated ICAM-1 expression in response to cigarette smoke but did not increase neutrophil adhesion. Collectively, these data support that an AhR:RelB axis attenuates heightened persistent inflammation due to cigarette smoke exposure. These findings open the possibility that the AhR pathway may be exploited therapeutically to target neutrophilia.
MATERIALS AND METHODS
Chemicals. All chemicals were purchased from Sigma (St Louis, MO) unless otherwise indicated. 2-(1H-Indole-3-carbonyl)-thiazole-4-carboxylic acid methyl ester (ITE) and CH-223191 (1-methyl-N-[2-methyl-4-[2-(2-methylphenyl) diazenyl] phenyl-1H-pyrazole-5-carboxamide) were purchased from Tocris Bioscience (Minneapolis, MN).
In vivo cigarette smoke exposure. RelB (Relb −/− ; C57BL/6-Relb Tg(H2-K1/GH1)106Bri /J) and AhR-knockout (AhR −/− ; B6.129-Ahr tm1 /J) C57BL/6 mice were obtained from Jackson Laboratory (Bar Harbor, ME), bred in-house at the Meakins-Christie Laboratories (Montreal, QC) and maintained on an ad libitum diet. Lungs from Relb −/− mice and littermate wild-type (Relb +/+ ) controls were harvested for protein expression analysis of RelB. The AhR −/− mouse strain carries a targeted deletion of exon 2 of the AhR gene and has been backcrossed for 12 generations onto C57BL/6 (Schmidt et al., 1996; Thatcher et al., 2007) . A breeding scheme of heterozygous AhR +/− to AhR −/− was used, rendering mice of the AhR +/− genotype as littermate controls. AhR +/− mice are phenotypically indistinguishable from wild-type (AhR +/+ ) mice and are often used as controls when examining the physiological, pathophysiological, and toxicological parameters of the AhR (Butler et al., 2012; Harstad et al., 2006; Schmidt et al., 1996; Shimizu et al., 2000; Singh et al., 2011) . Moreover, AhR +/+ or AhR +/− mice do not exhibit any difference in the ability to be activated by AhR ligands or cigarette smoke and are used interchangeably as AhRexpressing mice (Thatcher et al., 2007) , rendering AhR +/− mice as suitable controls for this study. For cigarette smoke experimentation, age-matched (range 10-14 weeks) and gender-matched AhR −/− mice and heterozygous (AhR +/− ) littermate controls were exposed to cigarette smoke as described (Thatcher et al., 2007) . Briefly, research cigarettes (3R4F; University of Kentucky, Lexington, KY) were smoked according to the Federal Trade Commission protocol (1 puff/minute/cigarette of 2 s duration and 35-ml volume) in a SCIREQ inExpose Exposure System (SCIREQ, Montreal, QC). Mainstream cigarette smoke was diluted with filtered air and directed into the exposure chamber. Control and AhR −/− mice were exposed to cigarette smoke for 5 days a week for 2 weeks to mimic subchronic exposure. Two smoke exposure regimes were employed utilizing three cigarettes (low) or four cigarettes (high) that were concurrently lit. The total number of cigarettes per group for each 1-h exposure was 18 (low) or 24 (high). This regime was based on initial experiments using our acute (3-day) exposure where there is a significant difference in lung neutrophilia between AhR +/− and AhR −/− mice with the high but not low exposure regimes (data not shown). Daily exposures were for 1 h, twice daily at 4-h intervals. Control mice were exposed to room air according to the same schedule and manipulated in an identical fashion. Experiments were performed twice with 3-5 mice per group for a minimum number of 7-10 animals for each experimental condition. For each experiment, mice were gender-matched (male or female); there was no difference in inflammatory response between the genders (data not shown). All animal procedures were approved by the McGill University Animal Care Committee (Protocol Number: 5933) and were carried out in accordance with the Canadian Council on Animal Care.
Tissue harvest, bronchoalveolar lavage (BAL), and blood collection. Following the last exposure, mice were anesthetized with Avertin (2,2,2-tribromoethanol, 250 mg/kg ip; SigmaAldrich, St Louis, MO), blood collected by cardiac puncture into a 1-ml syringe and the mice euthanized by exsanguination. Blood was stored on ice until processed as described below for detection of serum ICAM-1 levels. The lungs were excised and lavaged twice with 0.5 ml of PBS. After the bronchoalveolar lavage (BAL) fluid was centrifuged, the supernatant collected, the BAL cell pellets resuspended in PBS and the total cell number was determined by counting on a hemocytometer. Differential cell counts (at least 300 cells/sample) were performed after cytospin slide preparation (Thermo Shandon, Pittsburgh, PA) and staining with Hema-Gurr Stain (Merck, Darmstadt, Germany). Lung tissue was collected and either frozen immediately in liquid nitrogen and stored at −80
• C for protein/Western blot analysis or stored in RNAlater (Qiagen Inc., Valencia, CA). 
Preparation of cigarette smoke extract (CSE).
Research grade cigarettes (3R4F) with a filter were obtained from the Kentucky Tobacco Research Council (Lexington, KY) and CSE generated as previously described (Rico de Souza et al., 2011; Zago et al., 2013) . Briefly, CSE was prepared by bubbling smoke from two cigarettes into 20 ml of serum-free Minimum Essential Media (MEM), sterile-filtered with a 0.45-m filter (25-mm Acrodisc; Pall Corp., Ann Arbor, MI) and used within 24 h of preparation. An optical density of 0.65 (320 nm) was considered to represent 100% CSE (Baglole et al., 2008a; Rico de Souza et al., 2011) which was diluted to the appropriate concentration in culture media.
Western blot. Total cellular protein from homogenized mouse lungs was prepared using 1% IGEPAL lysis buffer (Baglole et al., 2008b) supplemented with a protease inhibitor cocktail (leupeptin, aprotinin, pepstatin, and PMSF; Sigma). Lysates were centrifuged (10,000 rpm, 4
• C for 10 min) to remove debris and protein quantitation was performed with the bicinchoninic acid (BCA) method according to the manufacturer's instructions (Pierce, Rockford, IL). Where applicable, nuclear and cytoplasmic fractions were also prepared using a nuclear extract kit (Active Motif, Carlsbad, CA) and protein quantified as described above. Ten-to-twenty micrograms of total cellular protein was separated on SDS-PAGE gels, electroblotted in immun-blot polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Hercules, CA), and blocked with 5% nonfat dry milk in 0.1% Tween 20 (in PBS). Antibodies against AhR (1:5000; Enzo Life Sciences, Farmingdale, NY), ICAM-1 (1:1000, R&D Systems, Minneapolis, MN), RelB (1:1000; Cell Signaling Technology, Danvers, MA), and total actin (1:50,000; Millipore) were used to assess changes in protein levels. Protein levels were visualized by enhanced chemiluminescence (ECL) and detected using a gel documentation system (Bio-Rad).
Detection of cytokine levels. Following collection, the blood was centrifuged for 10 min at 10,000 rpm in a microcentrifuge and the serum was collected. BAL fluid was collected as described above and both were stored at −80
• C until used. Serum and BAL cytokine levels were evaluated using Luminex Technology (Milliplex xMAP, Millipore, Billerica, MA) except for Cxcl5 and Cxcl13, which were analyzed by enzyme-linked immunosorbent assay (ELISA) (R&D Systems).
PGE 2 enzyme immunoassay. BAL fluid collected as described above was analyzed for PGE 2 levels via specific enzyme immunoassay (EIA) as described previously (Martey et al., 2004) .
qRT-PCR. Total RNA was isolated from homogenized lung from AhR −/− and AhR +/− mice using QIAzol Lysis Reagent and miRNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. cDNA was generated from DNAase-treated RNA using iScript II Reverse Transcription Supermix (Bio-Rad, Mississauga, ON). Quantitative PCR was then performed by addition of 1 l cDNA and 0.5M primers with SsoFast EvaGreen (Bio-Rad). Data acquisition and analysis were performed on a CFX96 Touch qPCR Detection System (Bio-Rad). Primers sequences are given in Table 1 ; Cyp1a1 and β-actin primers are as previously published (Zago et al., 2013) . Melt curve analysis revealed the amplification of a single product, indicating specificity of the primer pairs. The fluorescence detection threshold was set above the nontemplate control background within the linear phases of PCR amplifications and the cycle threshold (Ct) of each reaction was detected. Gene expression was analyzed using the Ct method and results are presented as foldchange normalized to housekeeping gene (β-actin or GAPDH). Data are expressed as fold-change relative to the average level of air-exposed controls.
Immunostaining. Pulmonary ICAM-1 by IHC. OCTembedded lung tissue was sectioned, fixed in 70% ethanol for 1 min and permeabilized in 0.5% PBS/Tween 20 for 10 mins at room temperature (RT). Then, the sections were blocked with the Universal Blocking Solution (Dako, ON, CA) for 1 h. For detection of ICAM-1, the lung sections were incubated with the ICAM-1 antibody (1:800; R&D Systems) for 1 h at RT. After rinsing with PBS/Tween 20, the sections were then incubated with rabbit antigoat IgG-biotinylated antibody (1:100; Dako) for 1 h, rinsed with PBS-T and incubated with horseradish peroxidase (HRP)-conjugated streptavidin (1:100; Vector) for 1 h. Antibody binding was visualized with diaminobenzidine (DAB) (Dako). The sections were then counterstained with hematoxylin and cover-slipped. The slides were viewed on an Olympus BX51TF microscope and photographed. Staining was performed on the same day for all slides using identical reagents to avoid potential differences in staining intensity based on slight variations in reagents or methodology. RelB and ICAM-1 IF. SVEC cells were cultured on glass chamber slides and pretreated with the AhR antagonist CH-223191 in the presence or absence of 5% CSE for the indicated times. Following treatments, cells were washed once with PBS/Tween 20, permeabilized/fixed using 3% H 2 O 2 /methanol for 10 min, and blocked with Universal Blocking Solution for 1 h at RT. The antibodies against ICAM-1 (1:500) and RelB (1:300; Santa Cruz) were diluted in Antibody Diluent Solution (Dako) and incubated overnight at 4
• C. Alexa Fluor-555 antigoat or antirabbit IgG antibody was used for secondary binding (1:2000) and incubated for 1 h at RT. Slides were then mounted in ProLong Gold Anti-Fade (Invitrogen), viewed on an Olympus BX51 fluorescent microscope (Olympus, Ontario, Canada) and photographed using a Retiga 2000R camera with ImagePro Plus software. Fluorescent images of nuclei are visualized by Hoechst staining (1:2000).
Adhesion assays. Single cell suspensions of bone marrow cells were obtained by flushing marrow from femoral and tibial bones of AhR +/− and AhR −/− mice and passing through 100 m mesh nylon strainer. The neutrophils were isolated by negative selection using the EasySep mouse neutrophil enrichment kit (StemCell Technologies, Burlington, ON) according to the manufacturer's instructions. Neutrophil viability was >95% and the purity was >92% (data not shown). Purified neutrophils (4 × 10 6 /ml) were labeled with 3M calcein-AM (Life Technologies) for 30 min at 37
• C. Cells were washed twice with RPMI containing 10% FBS and antibiotics/antimycotics and resuspended at a concentration of 10 6 cells/ml, of which 0.3 ml was added to confluent mouse endothelial cell monolayers at 37
• C for 30 min. Following adhesion, unbound cells were removed by four washes with prewarmed (37
• C) media. Fluorescence in each sample was measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm according to a standard protocol (Wilhelmsen et al., 2013) using the Infinite M1000 microplate reader (Tecan, Mannedorf, Switzerland). The percentage of neutrophil adhesion in each sample was calculated based on the fluorescence measured just before the removal of the unbound cells. Images of adherent neutrophils were viewed on an Olympus BX51 fluorescent microscope (Olympus) and photographed using a Retiga 2000R camera.
FACS analysis.
Single-cell suspensions of mouse bone marrow cells and purified neutrophils were resuspended in PBS containing 0.05% Bovine Serum Albumin (BSA), incubated for 5 min with anti-CD16/32 (Fc block) at 4
• C and stained for 30 min at 4
• C. The antibodies used for staining were APCconjugated CD11b and FITC-conjugated Gr1 (BD Biosciences, San Diego, CA). FACS analysis was performed on a LSR-II flow cytometer and the data analyzed with FlowJo software (Tree Star Inc., Ashland, OR). Bone marrow CD11b + Gr-1 + cell counts were determined by multiplying total cell counts by percentage of CD11b + Gr-1 + subset.
FIG. 1. Elevated pulmonary neutrophilia in
AhR −/− mice exposed to low cigarette smoke for 2 weeks. AhR-expressing mice (AhR +/− , black bars) and AhR −/− mice (white bars) were exposed to 18 cigarettes/exposure time ("low" exposure) or room air for 2 weeks, sacrificed immediately after the last exposure and differential cell counts were performed on the BAL. (A) Total cells-there was a significant increase in total BAL cell numbers in AhR −/− mice exposed to cigarette smoke (CS) compared with air (332.7 ± 65.2 × 10 3 vs. air 136.4 ± 10.3 × 10 3 ) but not compared with AhR +/− mice (242 × 10 3 ± 13.7 vs. air 121.7 ± 14.1 × 10 3 ) (**p < 0.01). (B) Lymphocytes-there was an elevation in the number of BAL lymphocytes in AhR −/− mice exposed to CS (16.7 ± 8 × 10 3 ) that was not statistically different compared with air-exposed mice (2.8 ± 0.4 × 10 3 ). There was a marginal increase in control mice (air 0.8 ± 0.4 × 10 3 vs. CS 4.6 ± 1.1 × 10 3 ). (C) Macrophages-the number of macrophages in the BAL did not significantly change after 2 weeks of cigarette smoke exposure in either AhR −/− (air 132.6 ± 9.8 × 10 3 vs. CS 252 ± 58.5 × 10 3 ) or AhR +/− mice (air 120.2 ± 13.8 × 10 3 vs. CS 233 ± 12 × 10 3 ). (D) Neutrophils-there was a significant increase in the number of neutrophils in the BAL of AhR −/− mice exposed to CS (35.4 ± 9.5 × 10 3 ), compared with both AhR −/− mice exposed to air (0.8 ± 0.2 × 10 3 ; **p < 0.01) and AhR +/− mice exposed to CS (4.4 ± 1.9 × 10 3 ; ## p < 0.01). The number of neutrophils in air-exposed AhR +/− mice was 0.22 ± 0.2 × 10 3 . Results are presented as the mean ± SEM (n = 4-5 mice per group per experiment and are the compilation of two independent experiments). Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test. (E) BAL cells-representative images of BAL cells-note the increased presence of neutrophils (open arrows) in the BAL of AhR −/− mice exposed to cigarette smoke. Arrowheads indicate macrophages. Magnification: ×40.
TABLE 1 Sequence of Primers Used for qPCR Analysis
Statistical analysis. Statistical analysis was performed using GraphPad Prism 6 (version 6.02; La Jolla, CA). A two-way analysis of variance (ANOVA) was used to assess differences between treatment groups of more than two defined by separate variables. A Bonferroni's post hoc test was used to evaluate significance between the groups. Evaluation between two groups was performed using a t-test. Results are expressed as the mean ± SEM. In all cases, a p-value <0.05 is considered statistically significant.
RESULTS

The AhR Suppresses Neutrophilia in Response to Varying Regimes of Subchronic Cigarette Smoke Exposure
We have previously published that the AhR suppresses acute cigarette smoke-induced pulmonary inflammation, including neutrophil influx to the lung (Thatcher et al., 2007) . Whether the AhR is capable of suppressing neutrophilia in response to prolonged exposure or varying exposure regimes is not known but is highly relevant to smoke-related disorders, as individuals often smoke for years and exhibit considerable variation in their cigarette consumption. To address these questions, we first exposed AhR −/− and AhR +/− mice to cigarette smoke for 2 weeks (corresponding roughly to 1.5-2 years of human exposure (Andreollo et al., 2012; Quinn, 2005) ) utilizing a regime of either 18 (low exposure) or 24 (high exposure) cigarettes per exposure. Exposure to the low cigarette smoke regime significantly increased total number of BAL cells in the AhR −/− mice in response to smoke compared with air-exposed AhR −/− mice (CS- Fig. 1A , open bars). There was no change in total BAL cell numbers in AhR +/− mice exposed to cigarette smoke (Fig. 1A, black bars) . Although there was a trend toward an increase in lymphocytes in cigarette smoke-exposed AhR −/− mice, it did not reach statistical significance (Fig. 1B) . There was also no change in BAL macrophages due to the low smoke exposure regime or AhR expression (Fig. 1C) . However, exposure of AhR −/− mice significantly increased the number of lung neutrophils compared with both air-exposed AhR −/− mice as well as smoke-exposed AhR +/− mice (Figs. 1D and 1E ). Thus, with this exposure regime, neutrophils were not significantly increased in AhR-expressing mice.
To next evaluate if a higher exposure regime, thereby mimicking the exposure of an individual with higher cigarette consumption, alters the lung inflammatory cell profile and whether this could be attributed to AhR expression, we exposed AhR
and AhR +/− mice to a total of 24 cigarettes/exposure (high) for the duration of 2 weeks. This exposure regime not only increased the total BAL cells recovered in AhR −/− mice ( Fig.  2A, compared with Fig. 1A ), but also significantly increased the number of BAL cells in AhR +/− mice ( Fig. 2A, black bars) . Despite the significant increase in the smoke-exposed AhR +/− mice, there remained a statistically-significant increase in BAL cells in AhR −/− mice exposed to cigarette smoke compared with AhR +/− mice ( Fig. 2A) . Although there was no change in BAL macrophages, there was a significant increase in both lymphocytes and neutrophils in AhR −/− mice exposed to smoke compared with air-exposed AhR −/− mice as well as smoke-exposed AhR +/− mice (Figs. 2B, 2D, and 2E). Note the striking difference in the number of BAL neutrophils between the low (Fig. 1D) and high ( Fig. 2D ) exposure regimes. When taken together, these data support that the AhR suppresses pulmonary neutrophilia in response to a prolonged and varied cigarette smoke exposure regimes. Because of the magnitude of difference in BAL cells between AhR −/− and AhR +/− mice with the high exposure (compare Figs. 1 and 2) , together with the increase in neutrophils in AhR-expressing mice (consistent with neutrophilia present in most smokers), the majority of the remaining experiments were conducted utilizing the higher exposure regime.
FIG. 2.
Elevated neutrophilic and lymphocytic infiltration in the BAL of AhR −/− mice exposed to high cigarette smoke levels for 2 weeks. (A) Total cellsthere was a significant increase in total BAL cell numbers in AhR −/− (435.6 ± 54 × 10 3 ; ****p < 0.0001) and AhR +/− mice exposed to CS (277.1 ± 43.8 × 10 3 ; *p < 0.05) compared with the respective air-only controls (AhR −/− air: 147.8 ± 28 × 10 3 ; AhR +/− air: 119.2 ± 12 × 10 3 ). There was also a significant difference in BAL cells between CS-exposed AhR −/− and AhR +/− mice ( # p < 0.05). (B) Lymphocytes-there was a significant elevation in the number of BAL lymphocytes only in AhR −/− mice exposed to CS (21.8 ± 4.9 × 10 3 vs. air 2.7 ± 0.5 × 10 3 ; ***p < 0.001). This increase was significantly different compared with CS-exposed AhR +/− mice (6.7 ± 1.9 × 10 3 ; ## p < 0.01). The number of lymphocytes in air-exposed AhR +/− mice was 1.0 ± 0.2 × 10 3 . (C) Macrophages-the number of macrophages in the BAL did not significantly change (AhR −/− air 161.9 ± 25 × 10 3 vs. CS 188.9 ± 24.3 × 10 3 ; AhR +/− air 118 ± 12 × 10 3 vs. CS 195 ± 33.4 × 10 3 ). (D) Neutrophils-there was a significant increase in the number of neutrophils recovered in the BAL of AhR −/− (225.3 ± 29 × 10 3 ; ****p < 0.0001) as well as AhR +/− mice (74 ± 9.9 × 10 3 ; **p < 0.01) exposed to high exposure regime for 2 weeks compared with respective air-only controls (AhR −/− air: 0.42 ± 0.3 × 10 3 ; AhR +/− air: 0 ± 0 × 10 3 ). This increase in neutrophils in response to CS was significantly higher in AhR −/− mice compared with AhR +/− mice exposed to CS ( #### p < 0.0001). Results are presented as the mean ± SEM (n = 7-8 mice per group from a combination of two independent experiments). Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test. 
Subchronic Cigarette Smoke Exposure Reduces AhR Protein
Expression and Increases Cyp1a1 mRNA Induction Cigarette smoke activates the AhR in pulmonary cells to increase Cyp1a1 and Cyp1b1 mRNA expression (Zago et al., 2013) . Cigarette smoke extract (CSE-an in vitro model of smoke exposure (Rico de Souza et al., 2011; Zago et al., 2013) ), the classic AhR ligand in smoke benzo[a]pyrene (B[a]P) as well as lung-specific endogenous AhR ligand ITE (Song et al., 2002) caused AhR degradation in respiratory cells in vitro (Figs. 3A and 3B) (Rico de Souza et al., 2011) . Although such loss of AhR protein expression may ultimately terminate ligand-mediated gene transcription, low AhR levels may foster neutrophilia due to cigarette smoke (see Fig. 2D ). Western blot analysis revealed a dramatic reduction in AhR protein expression in AhR +/− mice exposed to cigarette smoke for 2 weeks (Fig. 3C, lanes 15-19) . AhR protein was absent from AhR −/− mice (Fig. 3C, lanes 1-10) . Cyp1a1 mRNA, a classic marker of AhR activation, was significantly increased in the lungs of AhR +/− mice exposed to cigarette smoke, confirming activation of the AhR due to smoke exposure (Fig. 3D) . Cyp1a1 mRNA was not expressed in AhR −/− mice. Thus, despite reduction in protein expression, the AhR maintains its anti-inflammatory abilities.
There is no Alteration in BAL PGE 2 Production based on AhR Expression or Varying Cigarette Smoke Exposure Regimes
We have published that cigarette smoke is a potent inducer of COX-2, the enzyme responsible for the production of prostaglandins such as PGE 2 (Baglole et al., 2008a) . PGE 2 is an immunomodulatory PG that can promote the recruitment of pulmonary neutrophils in response to cigarette smoke (Profita et al., 2010) . Moreover, our data show that the AhR is a potent suppressor of COX-2 protein expression in vitro and in vivo (Baglole et al., 2008a; Zago et al., 2013) , attenuating PGE 2 production in the lung in response to acute smoke exposure regimes in vivo (Thatcher et al., 2007) . It is plausible that increased PGE 2 levels can thus contribute to the neutrophilic infiltration in subchronically smoke-exposed AhR −/− mice. Therefore, we next evaluated PGE 2 production in the BAL fluid. Although FIG. 4 . PGE 2 production is not altered by subchronic cigarette smoke exposure. BAL fluid was collected from AhR −/− and AhR +/− mice exposed to CS and PGE 2 levels assessed using a PG-specific EIA. (A) Low exposure-PGE 2 levels did not differ significantly between AhR −/− mice (air 1365 ± 350.8 pg/ml vs. CS 1828 ± 960 pg/ml) and AhR +/− mice (air 1311 ± 408 pg/ml vs. CS 1705 ± 440 pg/ml) exposed to CS. (B) High exposure-there was no significant increase in PGE 2 levels in response to cigarette smoke between AhR −/− (air 348.7 ± 71.7 pg/ml vs. CS 638 ± 106.9 pg/ml) and AhR +/− (air: 203 ± 63.6 pg/ml vs. CS 465.7 ± 102.7 pg/ml) mice. Results are expressed as the mean ± SEM of 4-5 mice/group and exposure regime. Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test.
there was a trend toward an increase in BAL PGE 2 levels in AhR −/− mice utilizing both exposure regimes, this increase did not reach statistical significance (Fig. 4) suggesting that alteration in PGE 2 levels are unlikely to contribute to the enhanced neutrophilia in AhR −/− mice.
Cigarette Smoke Increases Pulmonary Gene Expression of Inflammatory Mediators in AhR −/− and AhR +/− Mice
Control over inflammatory protein expression, including cytokines, chemokines, and adhesion molecules involved in neutrophil migration, occurs at both the transcriptional and posttranscriptional levels. As the AhR suppression of pulmonary inflammation may involve regulation at both of these levels, we first examined the regulation of mRNA expression in re- 
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FIG. 5.
Gene expression in the lungs of cigarette smoke-exposed AhR −/− and AhR +/− mice. AhR −/− and AhR +/− mice were exposed to cigarette smoke for 2 weeks and whole lung homogenates processed for qRT-PCR analysis as described in the Materials and Methods section. Gene expression analysis included mRNA encoding (A) Ccl2, (B) Ccl20, (C) Cxcl1, (D) Cxcl2, (E) Cxcl5, and (F) Cxcl13. *p < 0.05, **p < 0.01, and ***p < 0.001 compared with respective control. Results are presented as the mean ± SEM (n = 3-5 mice per group) and values were normalized to housekeeping (β-actin or GAPDH). Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test. sponse to cigarette smoke between AhR −/− and AhR +/− mice by qRT-PCR. These included Ccl2 (monocyte chemotactic protein-1 [MCP-1]) (Fig. 5A) , Ccl20 (macrophage inflammatory protein-3␣ [MIP-3␣]) (Fig. 5B) , Cxcl1 (Gro-␣/KC) (Fig.  5C ), Cxcl2 (macrophage inflammatory protein-2␣ [MIP-2␣]) (Fig. 5D) , Cxcl5 (epithelial-derived neutrophil-activating peptide 78 [ENA-78]/LIX) (Fig. 5E) , and Cxcl13 (B-cell chemoattractant [BCL] (Fig. 5F ). There was a significant induction in the expression of Ccl2, Ccl20, Cxcl1, Cxcl2, and Cxcl5 mRNA in the lungs of both AhR −/− and AhR +/− mice exposed to cigarette smoke for 2 weeks (Fig. 5) . Cxcl13, a homeostatic chemokine primarily involved in lymphocyte migration, was increased only in AhR −/− mice in response to cigarette smoke (Fig. 5F ). Together, these data indicate that transcriptional control of cytokines associated with inflammatory cell recruitment cannot solely account for the increased neutrophilia in AhR −/− mice exposed to cigarette smoke.
FIG. 6.
There is no significant difference in proinflammatory cytokine expression between smoke-exposed AhR −/− and AhR +/− mice. AhR −/− and AhR +/− mice were exposed to cigarette smoke for 2 weeks, the BAL collected and cell-free supernatant analyzed for cytokine expression using multiplex array. Cytokines analyzed included (A) CCL2, (B) CCL20, (C) CXCL1, (D) CXLC2, (E) CXCL5, and (F) CXCL13. **p < 0.01 and ***p < 0.001 compared with respective control; ns, not significant. Results are presented as the mean ± SEM (n = 7-8 mice per group). Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test.
Subchronic Cigarette Smoke Exposure Increases Production of CXCL1, CCL2, CCL20, CXCL5, and TNF-␣ in the Lungs of AhR −/− and AhR +/− Mice and Decreases IL-10 only in
We next evaluated the production of inflammatory mediators in response to cigarette smoke by multiplex assay, including those previously evaluated at the mRNA levels (Fig. 5 ). For these, there was a significant increase in the production of CCL2 (Fig. 6A) , CCL20 (Fig. 6B), CXCL1 (Fig. 6C) , and CXCL5 (Fig. 6E) in AhR −/− and AhR +/− mice exposed to cigarette smoke; these data mirror the change in gene expression (Fig.  5) . However, there was no significant difference in the level of these cytokines between smoke-exposed AhR −/− and AhR +/− mice. Interestingly, there was no increase in CXCL2 (Fig. 6D ) despite induction in the mRNA level (Fig. 5D ). There was a significant increase in CXCL13 in AhR −/− mice exposed to smoke (Fig. 6F) , which also mirrored mRNA levels (Fig. 5F ). We also evaluated the protein levels of additional proinflammatory mediators including TNF-␣ and IL-1␤, with cigarette smoke significantly increasing TNF-␣ (Fig. 7A) but not IL-1␤ (Fig. 7B) . There was no induction in IL-22 (Fig. 7C) , an AhR-regulated cytokine with anti-inflammatory properties (Alam et al., 2010; Monteleone et al., 2011) . Air-exposed AhR −/− mice had significantly higher IL-10 levels in the BAL fluid compared with AhR +/− mice (Fig. 7D) . Cigarette smoke decreased IL-10 only in AhR −/− mice to levels that were not significantly different from AhR +/− mice. IL-17A was below the limit of detection for the assay (data not shown). Therefore, differential levels of chemotactic cytokines between AhR −/− and AhR +/− mice cannot account for the significant increase in pulmonary neutrophilia in AhR −/− mice in response to cigarette smoke exposure.
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Cigarette Smoke Significantly Increases Pulmonary ICAM-1
Expression only in AhR −/− Mice ICAM-1 is a member of the immunoglobulin superfamily that mediates firm adhesion of the neutrophil to the endothelium, a step necessary for extravasation into the lung. ICAM-1 is increased in response to cigarette smoke (McMillan et al., 2011) , making it possible that the increased neutrophilia in smokeexposed AhR −/− mice is due to increased ICAM-1 expression. Therefore, we evaluated pulmonary ICAM-1 mRNA and protein as well as soluble ICAM-1 (sICAM-1) in the serum after exposure of AhR −/− and AhR +/− mice to cigarette smoke for 2 weeks. There was no significant change in sICAM-1 in response to cigarette smoke in either AhR −/− or AhR +/− mice (Fig. 8A) . Pulmonary Icam1 mRNA was also not increased after smoke exposure in either AhR −/− or AhR +/− mice (Fig. 8B) . Despite the constant level of Icam1 mRNA, there was a noticeable increase in the protein levels of ICAM-1 in the lung of AhR −/− mice (Fig. 8C ). Densitometric analysis revealed that basal ICAM-1 was significantly higher in AhR −/− compared with AhR +/− mice (Fig. 8D ). There was also an increase in ICAM-1 in AhR −/− mice due to subchronic smoke exposure (Fig. 8D) . ICAM-1 was strongly expressed by endothelial cells following exposure to CS (Fig. 8E, arrows) . Collectively, these data support that alterations in ICAM-1 may contribute to the increased neutrophilia in the lung of AhR-deficient mice.
AhR-Deficient Mice Display Reduction of Nuclear RelB Levels due to Subchronic Cigarette Smoke Exposure
The NF-B family member RelB prevents cigarette smokeinduced ICAM-1 expression (McMillan et al., 2011) . Given that acute exposure to cigarette smoke is associated with rapid loss of nuclear RelB only in AhR-deficient mice (Thatcher et al., 2007) , we postulated that the increase in ICAM-1 may be due to loss of RelB in the AhR −/− mice. To test this, we first performed Western blot analysis of whole lung homogenates to evaluate if subchronic cigarette smoke results in reduction of total pulmonary RelB in AhR-deficient mice. The data presented in Figure 9A indicate that pulmonary RelB expression increased in both AhR −/− and AhR +/− mice exposed to cigarette smoke for 2 weeks. Densitometric analysis indicated that the increase in RelB levels due to smoke exposure was significant compared with their respective air-exposed controls (Fig. 9B) . Next, we performed cytoplasmic and nuclear fractionation on the lungs of air-and smoke-exposed AhR −/− and AhR +/− mice and evaluated RelB protein levels. There was a striking and significant reduction in RelB protein in the lung cell nuclei of AhR −/− mice; cytoplasmic levels were not decreased (Figs. 9C, 9D, and 9E) . Collectively, these data support that AhR-dependent control of RelB may contribute to the suppression of smoke-induced pulmonary neutrophilia via regulation of ICAM-1.
Inhibition of AhR Activation in Endothelial Cells Prevents RelB Translocation to the Nucleus and Potentiates ICAM-1 Expression in Response to Cigarette Smoke
We recently published that AhR activation by cigarette smoke was an important feature in the ability of the AhR to attenuate cigarette smoke-induced COX-2 protein expression in lung fibroblasts (Zago et al., 2013) . Our data show that the AhR is also activated by cigarette smoke in the lung in vivo (Fig. 3) . Our data also support a suppressive role for the AhR in regulating pulmonary ICAM-1 expression via RelB, particularly in endothelial cells (Figs. 8 and 9 ). Therefore, we next evaluated if AhR activation was necessary to promote nuclear RelB and subsequent suppression of ICAM-1 expression in a murine microvascular endothelial cell line. Similar to epithelial cells, there was a robust decrease in AhR protein levels following in vitro exposure to cigarette smoke (Fig. 10A) . There was also a slight but noticeable increase in ICAM-1 after exposure to CSE (Figs. 10B and 10C ). However, when AhR activation was antagonized by CH-223191, which binds to the AhR and prevents ligand-induced AhR translocation to the nucleus (Kim et al., 2006) , there was a marked increase in endothelial ICAM-1 levels compared with CSE alone (Fig. 10C ). CSE-induced nuclear translocation of RelB was also reduced by CH-223191 (Fig.  10D) . Collectively, these data support a relationship between AhR activation and the subsequent suppression of ICAM-1 levels via nuclear localization of RelB upon exposure to cigarette smoke.
Inhibition of AhR Activity in Endothelial Cells does not Alter
Neutrophil Adhesion in Response to CSE To next establish whether the AhR regulates neutrophil adhesion to smoke-exposed endothelial cells, we purified neutrophils from the bone marrow of AhR −/− and AhR +/− mice, labeled the cells with calcein AM and performed an in vitro adhesion assay utilizing SVEC cells (Wilhelmsen et al., 2013) . First, we exposed the neutrophils from AhR +/− mice to PMA, which is commonly used to induce neutrophil adhesion (Robbins et al., 1992) and was thus used as a positive control in these experiments. PMA significantly increased neutrophil adhesion to SVEC cells (Figs. 11A and 11B) . By comparison, when SVEC cells were exposed to 5% CSE prior to addition of purified neutrophils, there was no significant change in neutrophil adhesion. There was also no difference in adhesion between naïve neutrophils isolated from AhR +/− or AhR −/− mice (Fig. 11C) . When endothelial AhR activity was then inhibited by CH-223191 in conjunction with exposure to 5% CSE for 8 h, there was also no significant difference in the ability of neutrophils from AhR +/− mice to adhere to SVEC cells (Fig. 11D) . Collectively, these data suggest that endothelial AhR activity, while important in modulating RelB nuclear localization and ICAM-1 expression in response to cigarette smoke, cannot solely account for the suppression of pulmonary neutrophilia by the AhR. + hematopoietic stem cells (HSC) and are released as mature cells into the circulation (Day and Link, 2012; Galli et al., 2011; Pruchniak et al., 2013) . AhR-null mice have altered numbers of hematopoietic stem cells in the bone marrow (Singh et al., 2009) . Furthermore, aged (24-month) AhR-null mice have increased numbers of primitive progenitors of the myeloid lineage (Singh et al., 2014) . To address the possibility that increased neutrophil recruitment to the lung in response to cigarette smoke could be mediated in part by increased granulopoiesis in the bone marrow, we performed flow cytometry on bone marrow-derived cells from mature (12-16 weeks; early-adult), naïve AhR −/− and control mice utilizing markers associated with granulocyte/neutrophil identification-Gr-1 and CD11b-which are expressed predominantly by neutrophils (Ma et al., 2011; Ueda et al., 2005) . Figure 12A shows that there are more bone marrow CD11b + Gr-1 + cells in AhR −/− mice (upper right quadrant; 39%) compared with control mice (32.1%). The number of CD11b + Gr-1 + cells in AhR −/− mice was significantly higher compared with AhR-expressing mice ( Figure 12B ). These data support that there are higher numbers of bone marrow cells of the granulocyte lineage caused by AhR deficiency.
DISCUSSION
In the lung, an organ continuously exposed to environmental agents including viruses, bacteria and particulates (e.g., air pollution, cigarette smoke), there is a multifaceted defense system comprised of physical barriers (respiratory epithelium) and immune mechanisms (innate, adaptive) that function to ensure efficient gas exchange during tissue injury. However, continued exposure to environmental toxicants such as cigarette smoke disrupts this homeostatic balance, and the ensuing inflammatory response, typically self-limiting, becomes persistent. Leukocytosis is the main respiratory and systemic immune alteration in smokers (Domagala-Kulawik, 2008; Holt, 1987) , where there is continued recruitment of inflammatory cells, particularly neutrophils. Their retention in the lung following cigarette smoke exposure contributes to tissue damage through the release of chemotactic and toxic mediators including proteolytic enzymes. Activation of numerous cellular signaling cascades have been implicated in perpetuating this inflammatory response to cigarette smoke, including activator protein-1 (AP-1) (Baglole et al., 2008b) , early growth response-1 (Egr-1), mitogen-activated proteins kinases (MAPKs) (Foronjy and D'Armiento, 2006; Renda et al., 2008) and NF-B (Di Stefano et al., 2004; Martey et al., 2004) . Although traditionally regarded as a transcriptional inducer of over 400 genes associated with inflammation, including those encoding for enzymes, cytokines, chemokines, adhesion molecules and growth fac-216 RICO DE SOUZA ET AL.
FIG. 8.
Pulmonary ICAM-1 protein expression is increased in AhR −/− mice. AhR −/− and AhR +/− mice were exposed to cigarette smoke for 2 weeks and whole lung homogenates processed for qRT-PCR and Western blot analysis as described in the Materials and Methods section. At the time of sacrifice, blood was also collected by cardiac puncture for serum analysis. (A) sICAM-1-there was no significant change in sICAM-1 in response to subchronic cigarette smoke exposure. (B) Icam1 mRNA-lung-there was no significant alteration in Icam1 mRNA based on cigarette smoke exposure or AhR expression. (C) Pulmonary ICAM-1 protein expression-ICAM-1 expression was detectable in all lung samples, with a noticeable increase in AhR −/− mice compared with AhR +/− mice. (D) ICAM-1 quantification-there was a significant increase in ICAM-1 expression in AhR −/− mice in response to cigarette smoke compared with air-exposed AhR −/− mice (**p < 0.01) as well as smoke-exposed AhR +/− mice ( # p < 0.05). ### p < 0.0001 between air-exposed groups. Results are presented as the mean ± SEM (n = 4-5 mice per group). Statistical analysis was performed by a two-way ANOVA followed by a Bonferroni's post hoc test. (E) ICAM-1 IHC-ICAM-1 is expressed predominantly by endothelial cells following cigarette smoke exposure. AhR −/− mice were exposed to air or cigarette smoke (CS) for 2 weeks and ICAM-1 detected by immunostaining. ICAM-1 was predominant in endothelial after CS exposure (arrows). Images are representative of pictures taken from at least three different mice of each genotype. Photographs indicate images taken at ×100 magnification.
tors, the complex nature of NF-B signaling has been revealed by the discovery of a distinct pathway with powerful antiinflammatory properties. RelB is the seminal member of this noncanonical (alternative) NF-B pathway whose expression is essential in preventing persistent, noninfectious inflammation in the lung (Weih et al., 1995) . We have published that partnership between RelB and the AhR is critical to the suppression of pulmonary inflammation due to acute cigarette smoke exposure (Thatcher et al., 2007) . Our data herein not only demonstrate the essential role of the AhR in preventing pulmonary neutrophilia due to prolonged and varied smoke exposure regimes, but that the mechanism through which the AhR suppresses inflammation may be due to nuclear retention of RelB and subsequent attenuation of ICAM-1 expression (Fig. 13) . Although historically viewed as the "dioxin receptor," these results further establish that the AhR is at the epicenter of an endogenous pathway designed to prevent excessive inflammation in response to respiratory toxicants.
One of the most consistent and striking features of the immunological properties of the AhR in our smoke model is the attenuation of pulmonary neutrophilia (Figs. 1 and 2) (Thatcher et al., 2007) . Neutrophils, the most abundant circulating leuko-THE AhR SUPPRESSES PULMONARY NEUTROPHILIA 217 FIG. 9. Reduced nuclear RelB in the lungs of AhR −/− mice due to subchronic cigarette smoke exposure. AhR −/− and AhR +/− mice were exposed to cigarette smoke for 2 weeks and a portion of the lung utilized to isolate cytoplasmic and nuclear proteins, and the remaining for whole lung homogenates. Lung homogenates from Relb +/+ and Relb −/− mice serves as positive and negative controls, respectively, for RelB expression. (A) Pulmonary RelB protein expression-Western blot: There was noticeable increase in the expression of total RelB in the lung of AhR −/− and AhR +/− mice exposed to cigarette smoke (CS) for 2 weeks. Numbers correspond to individual mice per group. (B) Pulmonary RelB protein expression-Western blot densitometry: There was a significant increase in RelB expression in both AhR −/− and AhR +/− mice exposed to cigarette smoke compared with the air-only controls (**p < 0.01; ***p < 0.001). (C) Cytoplasmic RelB-Western blot: RelB levels in the cytoplasm were maintained in CS-exposed mice. (D) Nuclear RelB-Western blot: There was noticeable decrease in nuclear RelB in AhR −/− mice exposed to cigarette smoke. RelB in the nucleus of AhR +/− mice appeared relatively constant. (E) Nuclear RelB-Western blot densitometry: Quantification of nuclear RelB levels revealed that there was a significant decline in RelB levels in AhR −/− mice. Statistical analysis performed by t-test of smoke-exposed AhR −/− mice (*p < 0.05).
cytes, are a short-lived cell with a half-life in the circulation of ∼1.5-12.5 h for mice (Galli et al., 2011) . Neutrophil recruitment to the lung during injury or infection follows a cascade of tethering, rolling, adhesion, crawling, and transmigration (Kolaczkowska and Kubes, 2013) , events that are mediated by chemically diverse chemoattractants including chemokines, cytokines and lipid mediators. Many of these chemoattractants, including IL-8 (KC), IL-6, MIP-1␣, CCL5 (RANTES), CXCL2 (MIP-2), TNF-␣, and PGE 2 have previously been identified as AhR-or RelB-target proteins (McMillan et al., 2011; There was a significant increase in neutrophils adhesion to SVEC cells when neutrophils were treated with PMA. Results are expressed as the mean ± SEM of six independent experiments utilizing neutrophils isolated from six different AhR +/− mice. Statistical analysis was performed by an unpaired Student's t-test. (C) Neutrophil adhesion-CSE: There was no significant difference in the ability of neutrophils isolated from AhR −/− and AhR +/− mice to adhere to SVEC cells treated only with media. Treatment of SVEC cells with 5% CSE for 8 h did not significantly alter neutrophil adherence. Results are expressed as the mean ± SEM of independent experiments conducted utilizing neutrophils isolated from four or six different AhR −/− or AhR +/− mice, respectively. Statistical analysis was performed using a two-way ANOVA followed by a Bonferroni's post hoc test. (D) Neutrophil adhesion-CH-223191: There was no significant difference in neutrophil adhesion to SVEC cells when the endothelial cells were incubated with both CH-223191 and 5% CSE for 8 h. Results are expressed as the mean ± SEM of independent experiments conducted utilizing neutrophils isolated from four different AhR +/− mice. Statistical analysis was performed using a two-way ANOVA followed by a Bonferroni's post hoc test. et al., 2007) . One of the most surprising yet intriguing findings from our study is the similarity in cytokine levels between AhR −/− and AhR +/− mice exposed to cigarette smoke subchronically (Figs. 6 and 7). Our previous data utilizing an acute (i.e., 3-day) smoke exposure regime revealed significant increases in several chemotactic mediators including MIP-2 and PGE 2 in AhR −/− mice (Thatcher et al., 2007) . Likewise, overexpression of RelB in the lungs of wild-type mice suppresses IL-6, MIP-2, KC and PGE 2 due to acute cigarette smoke exposure (McMillan et al., 2011) . The early events of neutrophil priming, characterized by tissue-specific neutrophil accumulation and activation, are mediated by an initial exposure to cytokines such as TNF-␣. It is possible that the initial increase in cytokines in smokeexposed AhR −/− mice dictates early events associated with neutrophil recruitment to the lung but does not contribute to the sustained neutrophilia upon prolonged smoke exposure regimes. It is also possible that increased expression of chemokine receptors on neutrophils contributes to increased recruitment despite similar cytokine profiles. Splenic chemokine receptor expression is higher in AhR −/− mice (Singh et al., 2011) , supporting the notion that higher receptor expression, rather than chemokines levels, may contribute to neutrophilia in AhR −/− mice upon subchronic smoke exposure.
During the migration into the lung, neutrophils pass through the endothelium, interstitial tissues, and epithelium before ending up in the airspaces. This sequence of events commences with rolling of neutrophil along the vessel wall, during which the neutrophil makes brief adhesive contacts with the endothelium. This is eventually followed by arrest of the neutrophil, which is dependent on the upregulation of ICAM-1, an adhesion protein that serves as a counterreceptor for ␤ 2 -integrins on leukocytes. Such interaction of ICAM-1 with ␤ 2 -integrins enables leukocytes to adhere firmly to the vascular endothelium and subsequently to migrate across the endothelial barrier. Increased expression of ICAM-1 is observed on both the lung endothelium and epithelium under inflammatory conditions (Beck-Schimmer et al., 1997; Bloemen et al., 1993) , which may serve to influence neutrophil invasion/retention into the lung. Cigarette smoke increases ICAM-1 (McMillan et al., 2011) . Although neither cigarette smoke nor AhR expression influenced sICAM-1 levels, there was a marked and significant increase in pulmonary ICAM-1 protein expression in AhR −/− mice, predominantly in endothelial cells (Fig. 8) . Inhibition of endothelial AhR activity using a well-described AhR antagonist (Zago et al., 2013; Zhao et al., 2010) potentiated CSEinduced ICAM-1 expression and prevented RelB nuclear localization (Fig. 10) supporting our in vivo relationship between AhR, RelB, and ICAM-1 (Figs. 8 and 9 ). However, inhibition of AhR activity in endothelial cells failed to potentiate neutrophil adhesion by CSE (Fig. 11) . These data are consistent with evidence that AhR-mediated events in endothelial cells do not contribute to enhanced pulmonary neutrophils in response to influenza infection (Wheeler et al., 2013) . This further suggests that additional factors besides neutrophil adhesion to endothelial cells are ultimately involved in lung neutrophilia in smoke-exposed AhR −/− mice, which may be ultimately dependent on AhR activation within the epithelium (Wheeler et al., 2013) . Priming by cigarette smoke increases and activates CD11b/CD18 (Mac-1) expression on neutrophils, which binds to ICAM-1 to mediate transepithelial migration into target tissues such as the lung (Koethe et al., 2000; Reaves et al., 2005) . Mature neutrophils express the AhR and activation of the AhR by dioxin reduces neutrophil activity (Ackermann et al., 1989) . Our data show pulmonary AhR activation by cigarette smoke (Fig. 3) rendering it possible the AhR activation in neutrophils by smoke would reduce priming and hence reduce the capacity for migration or adhesion. It would therefore be conceivable that enhanced priming of AhR-deficient neutrophils by cigarette smoke, together with increased endothelial/epithelial ICAM-1 expression, would facilitate neutrophilia in the lungs of AhR −/− mice. Cigarette smoke-induced neutrophilia in the AhR −/− mice may also partially depend on increased neutrophil output due to amplified production within the bone marrow. This notion is supported by the higher number of bone-marrow CD11b + Gr-1 + granulocytes in AhR −/− mice (Fig. 12) . The factors associated with this increase or whether this increased fraction represents mature neutrophils (CD11b hi Gr-1 hi ) (Ueda et al., 2005) ready for mobilization to the circulation in response to cigarette smoke is not known. Thus, determining the mechanism(s) of cigarette smoke-induced pulmonary neutrophilia in AhR −/− mice remains an ongoing area of investigation. Cigarette smoke is a complex mixture, containing >4800 compounds including metals, oxidants, free radicals and polycyclic aromatic hydrocarbons (Church and Pryor, 1985) , potent ligands that are capable of activating the AhR. Our data support that cigarette smoke does activate the AhR in the lung in vivo (Fig. 3) , and is consistent with our data in vitro in CSE-exposed lung fibroblasts (Zago et al., 2013) . Such activation of the AhR by cigarette smoke may be necessary to fully realize the protective abilities of the AhR, rendering the AhR an essential protein in the homeostatic control of immunity in the lung. Cigarette smoke exposure also results in a reduction of AhR protein expression (Figs. 3 and 10) , consistent with ligand-induced AhR proteolytic degradation. Although reduction in the AhR has long been thought to be critical in terminating dioxin-mediated gene transcription, proteolytic degradation of the AhR in the absence of ligand also occurs. Low AhR levels may also explain why phenotypes observed in AhR-null mice not treated with dioxin are similar to dioxin-exposed mice (Pollenz and Buggy, 2006) . When considered together, this suggests that reductions in pulmonary AhR levels due to smoke exposure may contribute to increased neutrophils observed in individuals who smoke.
Since its discovery as the receptor responsible for the induction of CYP1A1 expression in response to dioxin (Poland et al., 1976) , the endogenous role of the AhR has remained enigmatic. The relatively high expression of the AhR in the human lung (Jiang et al., 2010) , coupled with the identification of an endogenous pulmonary AhR ligand (Song et al., 2002) , raises the FIG. 13. Schematic depiction of AhR suppression of ICAM-1 via retention of RelB expression. Cigarette smoke activates the AhR in pulmonary cells, which translocates to the nucleus and binds DNA, resulting in an increase in expression of AhR-dependent genes including Cyp1a1. The AhR maintains the expression or facilitates the translocation of RelB in the nucleus (mechanism not known) when mice are exposed to cigarette smoke. The AhR, possibly via RelB, suppresses the expression of ICAM-1 protein in response to cigarette smoke without affecting Icam1 mRNA expression; the mechanism for this is not known.
possibility that the AhR plays a physiological role within the respiratory system. Our data herein solidifies that the AhR is indeed part of a regulatory pathway involving the NF-B protein RelB, which collectively suppress subchronic cigarette smokeinduced inflammation. Additional research into the AhR and RelB will further define the complex interaction between these two pathways, thereby paving the way for the development of new therapeutic strategies against smoke-related diseases.
